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CHATTERING DETECTION METHOD FOR
MACHINE TOOL

INCORPORATION BY REFERENCE/RELATED
APPLICATION

This application claims priority to Japanese Patent Appli-
cation No. 2011-052460 filed on Mar. 10, 2011 the disclo-
sure of which, including the specification, drawings and
abstract, is incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to a method for detecting chattering
that occurs when a workpiece is machined by a machine
tool.

2. Discussion of Background

In order to suppress chattering, it is important to detect
occurrence of chattering and its frequency. Japanese Patent
Application Publication No. 2000-210840 describes a chat-
tering detection method in which whether chattering is
occurring is determined based on a frequency of a vibration.
Japanese Application Publication No. 2000-233368
describes determining whether chattering is occurring based
on the level of a vibration and the degree of a change in the
vibration over a given period of time.

According to Japanese Patent Application Publication No.
2000-210840, chattering is detected through comparison
between a reference vibration frequency, which is set and
stored in advance, and a chattering frequency. However, a
chattering frequency varies depending upon combinations of
various tools and workpieces. Therefore, if chattering hav-
ing an unpredictable frequency occurs, the chattering may
not be detected.

According to Japanese Patent Application Publication No.
2000-233368, chattering is detected based on the level of a
vibration and the degree of a change in the vibration over a
given period of time. However, a vibration level varies
depending upon the machining conditions and the state of a
cutting edge of a tool. Therefore, chattering vibration detec-
tion may not be stably performed.

SUMMARY OF THE INVENTION

In light of the above-described circumstances, the inven-
tion has been made to provide a chattering detection method
that allows reliable detection of chattering.

According to a feature of an example embodiment of the
invention, it is possible to determine whether a vibration is
chattering, based on the phase difference of multiple vibra-
tions.

According to another feature of an example of the inven-
tion, chattering is accurately detected in a short period of
time by calculating a precise phase difference in a short
period of time, by utilizing the difference between the time
at which to perform a measurement in a first step and the
time at which to perform a measurement in a second step.

According to a further feature of an example of the
invention, chattering attributed to machining is accurately
detected by examining the level of a vibration that occurs
during machining, with reference to the level of a vibration
that occurs in a state where a workpiece or a tool is rotating
but the workpiece is not being machined.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and further objects, features and advan-
tages of the invention will become apparent from the fol-
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2

lowing description of example embodiments with reference
to the accompanying drawings, wherein like numerals are
used to represent like elements and wherein

FIG. 1 is an overall view schematically showing a
machine tool and a chattering detector;

FIG. 2A is a chart conceptually illustrating a continuous
vibration;

FIG. 2B is a chart conceptually illustrating a non-con-
tinuous vibration;

FIG. 3 is a chart conceptually illustrating a phase differ-
ence calculation;

FIG. 4 a chart conceptually illustrating a phase difference
variation;

FIG. 5 is a flowchart illustrating the overall procedure of
a chattering detection method; and

FIG. 6 is a flowchart illustrating the procedure of phase
variation detection.

DETAILED DESCRIPTION OF EMBODIMENTS

Hereinafter, an example embodiment of the invention will
be described with reference to the accompanying drawings.

As shown in FIG. 1, in a machine tool 1, a spindle 3 that
rotates and holds a tool 2 and a workpiece 4 are moved
relative to each other to perform desired machining. The
operations of the spindle 3, such as rotation and feeding, are
controlled by an NC (Numerical Control) unit 6. The spindle
3 is provided with a vibration sensor that detects vibrations.
Outputs from the vibration sensor 5 are input into a chat-
tering detection unit 8. The chattering detection unit 8
includes a FFT (Fast Fourier Transform) calculation portion
81 that executes a Fourier analysis, a phase difference
calculation portion 82 that calculates a phase difference, and
a chattering determination portion 83 that determines
whether chattering is occurring and outputs this determina-
tion to the NC init 6 to control the spindle.

In the following, a method for detecting chattering will be
described. First, the characteristics of vibrations that occur
during machining will be described with reference to an
example case where a rotary tool is used for the machining,
using the conceptual views in FIG. 2A and FIG. 2B.

Vibrations having various frequencies concurrently occur
during machining. Even among vibrations having the same
frequency, some are continuous while the others are non-
continuous. Whether a vibration is continuous or non-
continuous depends upon the cause of the vibration. FIG. 2A
illustrates a vibration W, that is continuous, while FIG. 2B
illustrates a non-continuous vibration composed of vibra-
tions W,, W, and W, that occur intermittently. If the cause
of a vibration is continuous, the vibration is also continuous.
On the other hand, if the cause of a vibration is non-
continuous, the vibration is also non-continuous, and its
amplitude is not constant. Examples of such “continuous
vibration” include a vibration due to imbalance of a rotary
tool, a vibration attributed to the number of balls or rollers
of a bearing used in a spindle, a vibration corresponding to
the cycle of cutting edges that depends on the number of the
cutting edges and the rotation speed of the tool, and regen-
erative chattering. On the other hand, examples of “non-
continuous vibration” include a vibration due to variation in
the hardness of a workpiece, a vibration due to a change in
supply of coolant, a vibration due to a change in stock
removal, and a vibration due to external disturbance. It is
highly likely that chattering is a vibration that is grouped
into “continuous vibration” but that is other than vibrations
that occur when the tool 2 is rotating but the workpiece 4 is
not being machined.
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A method of determining whether a vibration is a con-
tinuous vibration will be described with reference to FIGS.
2A, 2B and FIG. 3.

In the case of the continuous vibration W, illustrated in
FIG. 2A, if the phase of the vibration at the time of starting
a vibration measurement is identified, it is possible to
estimate the phase that will be achieved after time t; based
on the vibration cycle. The phase thus estimated coincides
with the phase actually measured after time t,. However, in
the case of the non-continuous vibration illustrated in FIG.
2B, vibrations W, and W, are independent from each other
and are not associated with each other. Therefore, it is highly
likely that the phase after time t,, which is estimated based
on the phase of the vibration W, at the time of starting a
vibration measurement, differs from the phase of the vibra-
tion W, which is actually measured after time t,. Therefore,
whether a vibration is a continuous vibration is determined
based on the characteristics described above.

In the following, an example method for determining
whether a vibration is a continuous vibration based on the
above-described characteristics will be described in detail
with reference to FIG. 3. In the example case illustrated in
FIG. 3, the phase of the vibration W, at the time of starting
a measurement is denoted by @, the phase of the vibration
measured after time t; is denoted by @, and the vibration
cycle is denoted by T, . If the phase difference is represented
by a value equal to or smaller than 2w, the phase of a
continuous vibration after time t; is @+, and Q is a value
obtained by multiplying 2z by the decimal part of (t,/T)). If
the phase @, of the vibration that is measured after time t,;
is equal to ®,+€2, the vibration is determined to be a
continuous vibration. On the other hand, if there is a
predetermined difference (Ds between the phase @, of the
vibration that is measured after time t; and @, +€2, the
vibration is determined to be a non-continuous vibration.

If the measurement is performed only once, the difference
between @+ and @, may happen to be small. In such a
case, there is a possibility of an erroneous determination.
Therefore, as shown in FIG. 4, the vibrations W,, W3, and
W, are individually measured at different time points, that is,
at time t;, time t,, and time t;. Then, the phases of the
measured vibrations W,, W, and W, are compared with the
phases of a waveform W, predicted based on the initially
measured phase to determine a phase difference @, at time
t,, a phase difference @, at time t,, and a phase difference
@, at time t;. Then, the phases differences @4, to dg; are
compared with each other. In this way, it is possible to
prevent an error due to an accidental coincidence, thus
achieving an improved reliability of the chattering detection.
More specifically, in this determination method, the value of
variation among the multiple phases differences @y, to @,
is calculated. If the value of the variation is smaller than a
reference value, the vibrations W,, W5, and W, are deter-
mined to be a continuous vibration. On the other hand, if the
value of the variation is equal to or larger than the reference
value, the vibrations W,, W, and W, are determined to be
a non-continuous vibration. The value of variation is, for
example, a standard deviation o©.

It is to be noted that in the example case illustrated in FIG.
4, the times t;, t,, and t; are set to integral multiples of the
vibration cycle T, for easier comprehension.

The actual measurement is performed on a vibration with
combined frequencies. Therefore, the phases of the vibration
in a time domain are calculated for respective frequencies
through a Fourier analysis, which makes it possible to
determine the phases of the vibration for the frequencies in
a desired range.
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Chattering occurs during machining. Therefore, whether
chattering is occurring is reliably determined according to
the following method. The machine tool 1 is operated in the
same manner as that when it is operated for machining, but
without performing actual machining (so called “dry run” is
performed). The vibration phase variations for respective
frequencies, during dry run, are recorded, and compared
with the vibration phase variations during actual machining.
If there is a frequency for which the difference between the
variation during machining and the variation during non-
machining is larger than a predetermined value, it is deter-
mined that chattering having this frequency is occurring.

In the following, a procedure for detecting chattering will
be described with reference to the flowcharts in FIGS. 5 and
6.

The flowchart in FIG. 5 illustrates the whole procedure of
a chattering detection method in which whether chattering is
occurring is determined by making the above-described
comparison between the phase variations during non-ma-
chining and the phase variations during machining, for n
vibrations having, respectively, frequencies 1 to n.

In this chattering detection method, first, so-called “dry
run”, in which the same operation as that during actually
machining but machining of a workpiece using the tool is
not performed, is started (step S1). After this, a phase
variation detection process, which will be described in detail
with reference to the flowchart in FIG. 6, is executed (step
S2). The standard deviations of the phase variations calcu-
lated in the phase variation detection process (step S2) are
recorded as reference phase variations (ok, to ok,) (step
S3). Then, the machining operation is started (step S4).
Then, a machining phase variation detection process for
detecting the phase variations during machining is executed
(step S5). The phase variations during machining, which are
calculated in the machining phase variation detection pro-
cess (step S5), are recorded as machining phase variation
values (0, to g,) (step S6). After this, a value of a counter
C2 is set to zero (step S7). Then, the counter C2 is incre-
mented by 1 (step S8). Subsequently, with regard to the
frequency C2, whether the phase variation difference is
equal to or larger than a permissible value TK (ok,-
0.,2TK ?) is determined (step S9). At this time, if the phase
variation deference is equal to or larger than the permissible
value TK (ok,-0-,2TK), the control proceeds to step 10
and a signal indicating that chattering having the frequency
C2 is occurring is output (S10). On the other hand, if the
phase variation deference is smaller than the permissible
value TK (0k,-0-,<TK), the control proceeds to step S11.
Then, it is determined whether the above-described fre-
quency determination processes have been completed for all
of the n frequencies (step S11). That is, if C2 is equal to n
(C2=n), the procedure is finished. On the other hand, if C2
is not equal to n, the control returns to step S8.

The flowchart in FIG. 6 illustrates the flow of the phase
variation detection process, which is executed in step S2 in
FIG. 5 in the procedure described above. In the phase
variation detection process, the standard deviations o, which
are values of the phase variations of vibrations having
frequencies in a desired frequency range, are calculated
using the data obtained by repeating measurements through
the second procedure and the third procedure for m times
after executing the first procedure.

As shown in FIG. 6, first, a vibration is measured by a
vibration measurement sensor (step S21). Then, a desired
number (n) of frequencies and the phases of the respective
frequencies are calculated through a Fourier analysis (step
S22). After this, the phases corresponding, respectively, to
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the n frequencies are recorded as ®,, to @, (step S23).
Then, the value of a counter C is set to zero (step S24). Then,
a standby state is continued for a predetermined standby
time t; (step S25). After this, the counter C is incremented
by 1 (step S26). Then, a vibration is measured by the
vibration measurement sensor (step S27). Then, n frequen-
cies and the phases of the respective frequencies are calcu-
lated through a Fourier analysis (step S28). After this, the
phases corresponding, respectively, to the n frequencies are
recorded as the Cth data (step S29). Then, phase differences
D, - to O, . corresponding, respectively, to the n frequen-
cies are calculated and recorded. More specifically, the
difference between the phase of a waveform obtained by
extending, by Ct,/T |, the single-wavelength waveform hav-
ing the phase ®, recorded in the first procedure in the
direction of the time axis and the phase ®_. measured/
calculated in the second procedure is calculated for each of
the n frequencies (step S30). Then, whether the measure-
ment has been performed for a predeterminded number of
times is determined. More specifically, whether C is equal to
m is determined (step S31). If C is not equal to m, the control
returns to step 25. On the other hand, if C is equal to m, the
measurement is finished, and then the control proceeds to
step S32. After this, the standard deviations o, to o, of the
phase difference variations are calculated based on m phase
difference data obtained for each of the n frequencies (step
S32).

According to the above-described chattering detection
method in the example embodiment of the invention, the
respective differences between the standard deviations ok,
to ok, ofthe phase variations detected during dry run and the
standard deviations o, to o, of the phase variations detected
during machining are calculated for the vibration with
frequencies in a desired range. If there is a frequency for
which the above calculated difference is smaller than the
permissible value TK, which is a predetermined value, it is
determined that chattering having this frequency is occur-
ring. In this way, a vibration that is continuous only during
machining is determined as chattering. Further, whether
chattering is occurring is determined using the multiple
phase differences. Accordingly, even chattering of which the
vibration level is still low is detected, and therefore the
accuracy of the chattering detection is high, as compared to
conventional chartering detection methods in which chat-
tering is detected based on the vibration level(s).

In the embodiment described above, whether chattering is
occurring is determined based on the differences between
the phases obtained by extending the phases measured in the
first procedure in FIG. 6 in the time axis direction by
2m-t,/T, and the phases measured in the second procedure.
However, in a case where chattering having a specific
frequency is to be detected (determined), if the vibration
cycle of the specific frequency is T, the measurement may
be performed on the condition that t,=n-T, (n is an integer),
and whether chattering is occurring is determined using the
respective differences between the phases measured in the
first procedure and the phases measured in the second
procedure.

Further, while vibrations are detected by the vibration
sensor provided at the spindle that rotates the tool in the
foregoing example embodiment, the vibration sensor may be
provided on the workpiece side. Further, a sound sensor,
such as a microphone, may be used in place of the vibration
sensor. In this case, the sound waves caused by vibrations
are measured using the sound sensor. In this case, the
restriction on the measurement point is reduced.
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While whether chattering is occurring is determined
through a comparison between the phase variations during
non-machining (dry-run) and the phase variations during
machining in the foregoing example embodiment, the
degree of a change in the phase variation during machining
may be monitored, and it may be determined that chattering
is occurring when a predetermined change is detected in the
phase variation during machining.

While the minimum value of the determination frequency
is 1 Hz and the interval of the determination frequency is 1
Hz in the foregoing example embodiment, the range and
interval of the determination frequency may be set as
needed. That is, for example, the range of the determination
frequency may be set within the range of 20 to 2000 Hz or
so and the interval of the determination frequency may be
approximately 5 Hz.

What is claimed is:

1. A machining method comprising:

machining a workpiece by a tool mounted to a spindle;

controlling the tool by a control unit;

determining occurrence of chattering when the workpiece

is machined by the tool and controlled by the control
unit, wherein the step of determining occurrence of
chattering comprises determining that chattering is
occurring if a difference between a first phase variation
value of a vibration of the tool calculated in a first phase
variation detection process and a second phase varia-
tion value of a vibration of the tool calculated in a
second phase variation detection process is equal to or
larger than a predetermined value, wherein the first
phase variation detection process is executed when the
workpiece or the tool is rotating but the workpiece is
not being machined, and the second phase variation
detection process is executed when the workpiece is
being machined by the tool,

wherein the first phase variation detection process and the

second phase variation detection process each include:

a first step of measuring a vibration of the tool and
calculating a phase of a vibration waveform of at
least one frequency in a predetermined frequency
range by executing a Fourier analysis on the vibra-
tion waveform in a time domain;

a second step of measuring a vibration of the tool at a
predetermined time after the first step and calculating
a phase of the vibration waveform of at least one
frequency measured in the second step in the prede-
termined frequency range by executing a Fourier
analysis on the vibration waveform measured in the
second step in a time domain;

a third step of calculating a phase difference between
the phase of the vibration waveform of the tool
calculated in the first step, which has a predeter-
mined frequency or have predetermined frequencies,
and the phase of the vibration waveform of at least
one frequency of the tool calculated in the second
step, which has the predetermined frequency or have
predetermined frequencies; and

a fourth step of calculating a variation among multiple
phase differences that are calculated by repeating the
second step and the third step for a predetermined
number of times; and

controlling the tool to suppress chattering when it is

determined in the step of determining occurrence of

chattering that chattering is occurring,

wherein the first step calculates the phase of a vibration

waveform of one of a continuous waveform and a

non-continuous waveform, and the second step calcu-
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lates the phase of a vibration waveform of the other one
of the continuous waveform and the non-continuous
waveform.

2. The machining method according to claim 1, wherein
in the third step, the phase difference is calculated between 5
the phase of the vibration waveform of at least one fre-
quency calculated in the second step and a phase of a
vibration waveform which is predicted by extending in a
direction of a time axis the vibration waveform of the
frequency at which the phase is calculated in the first step, 10
and wherein the phase of the predicted vibration waveform
at a time point when the measurement of the vibration of the
tool is started in the second step.

#* #* #* #* #*



